Abstract -Yellowfin tuna (Thunnus albacares) are known to preferentially occupy the surface mixed layer above the thermocline and it has been suggested that they are physiologically restricted to water temperatures no more than 8
Introduction
Ultrasonic telemetry has been used to obtain extensive and detailed data on the horizontal and vertical movements of tropical tuna (Holland et al. 1990; Cayré 1991; Holland et al. 1992; Block et al. 1997; Marsac and Cayré 1998; Brill et al. 1999; Dagorn et al. 2000) . These studies produced precise information on habitat selection and the physiological abilities and tolerances of tuna. This knowledge is of critical importance for the development of effective fishery management schemes (Brill 1994) . Yellowfin tuna (Thunnus albacares) generally spend most of their time either in the mixed layer or at the a Corresponding author: dagorn@ird.fr top of the thermocline (Holland et al. 1990; Brill et al. 1999) . To date, no dive deeper than 500 m (464 m in Carey and Olson 1982) was reported for a yellowfin tuna and the coldest absolute temperature recorded for a sonically tracked yellowfin tuna was 7
• C (Block et al. 1997 ) for a single dive of one minute to almost 300 m. By comparing ultrasonic telemetry data obtained from large yellowfin tuna in Hawaiian waters and in the eastern Pacific, Brill et al. (1999) found that the lower temperature limit of this species was set by water 8
• C colder than the mixed layer and they suggested that yellowfin are stenothermal and their temperature tolerance (and, therefore, depth) is determined by temperature differences relative to the surface temperature rather than by absolute water temperature per se. As indicated by Brill (1994) , there have been no laboratory studies on the cold temperature tolerance of tropical tuna since the original work of Dizon et al. (1977) .
Recent advances in the capabilities of archival tags now allow collection of long term data regarding the vertical behavior of tuna species Fuller 2002, 2005) . However, to date, no data from yellowfin tuna equipped with archival tags have been published that indicate any behavior other than those previously observed by active acoustic telemetry. In this note, we wish to report on the swimming depths and temperatures of a single large yellowfin tuna that indicate that this species has much greater vertical range and broader physiological capability than previously reported.
Materials and methods
A yellowfin tuna (134 cm FL, approximately 45−50 kg) was captured by a research vessel 1 using a surface trolling lure near a fish aggregating device (FAD) anchored in water 600 m deep off D'Arros island (5
• 23S and 53
• 20E) in the Amirantes archipelago (Seychelles, Indian Ocean). An archival tag (Wildlife Computers, MK9) was inserted in the peritoneal cavity using standard implantation techniques (e.g., Schaefer and Fuller 2002) , with the stalk outside the fish (Fig. 1) . The fish was measured to the nearest cm and marked with an external Hallprint 14 cm plastic dart tag and released within 300 m of the FAD of capture on the 14th of October 2004. The archival tag was set to record depth, sea temperature, body temperature (body cavity) and light level every 30 s. The original calibration of the tag indicated that at 1000 m, it recorded 1005 m, and at 1500 m, it recorded 1534 m. Thus, we can be fairly certain that dives between 1000 and 1500 m are accurate within 35 m.
Plotting sea temperature versus depth during the dives allows to estimate the depth of the thermocline.
Results
The fish was recaptured the 20th of January 2005 by a tuna purse seiner approximately 250 nautical miles west of the release position (5
• 45S and 49
• 24E), after 98 days at liberty. However, the tag was only returned to researchers in January 2006. The fish spent 85% of its time between the surface and the depth of 75 m, which was the maximum depth of the thermocline experienced by the fish during its 98-day journey. However, on three separate days within a period of one month, it exhibited three deep dives (Fig. 2) Two of the dives began and ended very close to the surface whereas on one dive (the first, Fig. 2a) , the fish spent approximately 20 min just below the mixed layer before descending at a mean vertical speed of 1.18 m s −1 (0.88 body length per second -BL s −1 ) to 537 m (9.2 • C) and, after slowing its descent, (0.35 BL s −1 ). During this dive, the fish spent 10 min in waters colder than 10
• C and a total of 49 min below the thermocline (40 m).
The second deep dive (Fig. 2b ) started from 7 m (30.0 • C) below the surface and the fish descended to 737 m (8.8
• C) at a constant vertical speed of 1.43 m s −1 (1.07 BL s −1 ) and finally reached a maximum depth of 982 m (7.4
• C) Then, the fish started to swim up following a "sawtooth" pattern during 36 min at a mean vertical speed of 0.16 m s −1 (0.12 BL s −1 ). The second part of the ascent was faster and more regular (1.07 m s −1 , i.e. 0.80 BL s −1 ). In total, during this dive, the fish spent 1h35 in waters colder than 10
• C and a total of 1h46 below the thermocline (60 m).
The deepest dive (1160 m, Fig. 2c ) started slowly from 9 m (29.1
• C) to 80 m (20.7
• C). Then, the fish made a quick descent to the depth of 960 m (7.2
• C) at an average vertical speed of 1.33 m s −1 (1.00 BL s . In total, the fish spent 1h46 in waters colder than 10
• C and a total of 1h57 below the thermocline (60 m).
The difference of sea temperature experienced by the fish during these three dives ranged from 16.9 to 23.3
• C (Table 1) . On all three dives, the rate of body warming was faster than the rate of cooling. This rate difference indicates that the animal was actively thermoregulating sensu Holland et al. (1992) . The increase in body temperature began when the fish reached waters that are at the same temperature as the body (Fig. 2) . The first dive (578 m) only induced a 5
• C decrease in the body temperature, while the other dives (982 and 1160 m) led to 15.2
• C and 13.1 • C decreases in body temperature, respectively (Table 1 ). The lowest absolute body temperature recorded was 13.2
• C during the deepest dive but after the fish had begun its ascent and was at 110 m when its body temperature matched the sea temperature. This point was reached 78 min after it reached the maximum depth (1160 m). Figure 3 shows the time-at-temperature distribution where temperature bins are expressed as degree intervals. We estimated the maximum water temperature experienced by the fish on each day of the track. Over the 98 days, these maximum values (sea surface temperatures) ranged from 28.0 to 32.2
• C. The fish spent 8.3% of its time at temperatures below 20
• C (which, by extension, are also more than 8
• C colder than the surface layer). The water temperatures experienced by the fish during its 98-day journey ranged from 5.8
• C to 32.2 • C. The daily differences in water temperatures ranged from 9.7
• C to 24.2
• C with a mode at 15−16 • C, while the daily differences in body temperature (gut cavity) ranged from 1.1
• C to 15.4
• C, with a mode at 6
• C (Fig. 4) .
Discussion and conclusion
Most of the time, this 134-cm yellowfin tuna swam at depths shallower than 75 m deep (which was the deepest thermocline experienced by the fish), which agrees with what was previously known on the vertical distribution of this species Fig. 4 . Distribution of the daily differences in water (grey bars) and gut cavity (black bars) temperatures (
• C) experienced by the yellowfin tuna during its 98-day journey. (Holland et al. 1990; Brill 1994; Block et al. 1997) . These distributional data are clearly important for fisheries management in terms of predicting the vulnerability of this species to various fishing gears. Nevertheless, the results from this track shed new light on the depth and temperature range of this species and on its physiological capabilities. Based on acoustic tracks from several studies, Brill et al. (1999) stated that the limit on the vertical range of yellowfin tuna appears to be the difference in temperature between the surface layer and waters below the thermocline rather than a specific absolute water temperature. Maximum swimming depths appeared to be limited by water temperatures 8
• C colder than the surface-layer water temperature. The behavior reported here demonstrates that this is obviously not the case. On the three deep dives the difference in temperatures was well above this threshold of 8
• C (in fact, up to 23.3
• C). For more than 8.3% of its time, this fish was in water more than 8
• C colder than the surface layer and daily experienced large changes in ambient water temperature (mode at ∆15−16
• C).
Of particular importance are the durations of the dives. That is, the time spent in water colder than the mixed layer and upper levels of the thermocline. Time below the thermocline was 49 min, 1h46 and 1h57 for dives 1, 2 and 3 respectively. These prolonged excursions indicate that these were not "bounce dives" and that the animal had the ability to thermoregulate for extended periods of time and to also tolerate low oxygen levels for similarly impressive periods of time. Unfortunately, accurate oxygen levels were not recorded during the dives.
It is not possible to know why these deep dives occurred -they could be for foraging purposes, predator avoidance or anti-parasite behavior. Although the rarity of these deep dives suggests that this is not typical foraging behavior, the quite slow rate of descent and the prolonged time at depth does not suggest predator avoidance. Such behavior is probably signified by "bounce dives" at higher speeds such as over 6 body lengths per second (Holland et al. 1990 ). Tuna could dive to such deep and cold waters to get rid off parasites but almost no information currently exist on the effects of parasites on the behavior of tuna. When "ecological tags" are developed to collect information on the biological environment surrounding the tagged fish, it will be possible to better identify the reasons for such surprising deep dives by a yellowfin tuna.
